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Abstract
Ferroelectric nanolithography is a new approach to processing nanostructures, which can position
multiple components made of various materials into predefined configurations. Local polarization in
ferroelectric compounds is manipulated to control the surface electronic structure and direct attachment
of molecules and particles. Here, the presence of optically excited electron-hole pairs on ferroelectric
domains is confirmed, and reaction paths for photo reduction of several reactive metal particles are
determined. Subsequent and simultaneous deposition of multiple metals is demonstrated, and the
magnetic properties of Co based particles are confirmed.
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Ferroelectric nanolithography is a new approach to processing nanostructures, which
can position multiple components made of various materials into predefined
configurations. Local polarization in ferroelectric compounds is manipulated to control
the surface electronic structure and direct attachment of molecules and particles. Here,
the presence of optically excited electron-hole pairs on ferroelectric domains is
confirmed, and reaction paths for photo reduction of several reactive metal particles
are determined. Subsequent and simultaneous deposition of multiple metals is
demonstrated, and the magnetic properties of Co based particles are confirmed.

I. INTRODUCTION

Over the last five years there has been an explosion in
the synthesis of new functional nanostructures, i.e., tubes,
wires, dots, synthetic biological molecules, etc.1 To exploit these structures in devices, concomitant advances in
materials processing are required. Interesting approaches
have been developed for some specific applications. The
first nanolithographies were based on scanning probes,
which are not considered practical, except in specific
niche applications.2 Microcontact printing has become a
common method of patterning self-assembled monolayers.3 Nanoimprint lithography and “step and flash” lithography have been developed to pattern semiconductor
photo resists.4,5 DNA and protein directed assembly have
been used to control nanoparticle assembly.6–8 Dip-pen
lithography and similar approaches based on ink jet
printer strategies are finding use in specific applications
such as array chips.9,10 Finally electric, magnetic or mechanical fields have been used to align nanostructures,
for example as is practiced in electrophoretic assembly.11,12 These strategies are successful in producing patterns or arrays of particles, molecules, wires, or tubes,
generally operating on one class of material at a time.
Recently Kalinin et al.13 proposed a directed assembly
process, ferroelectric nanolithography, which can position multiple components made of various materials into
predefined configurations. The approach is based on observations of orientation- and domain-dependent chemical reactivity.14–16 Ferroelectric nanolithography utilizes

a)

Address all correspondence to this author.
e-mail: Bonnell@lrsm.upenn.edu
DOI: 10.1557/JMR.2005.0093
712

J. Mater. Res., Vol. 20, No. 3, Mar 2005

atomic polarization in ferroelectric compounds to control
the surface electronic structure and direct attachment of
molecules and particles. The earlier work demonstrated
the process on photo reduction of inert metals to produce
nanometer-sized particles and attachment of functionalized organic molecules. The process has the potential to
be completely general, operating on reactive metals,
functionalized nanowires, tubes, and dots as well as biological molecules, but these processes have not yet been
demonstrated and are not understood at a fundamental
level.
This paper reports the controlled patterning of cobalt-,
nickel-, and iron-based nanoparticles, subsequent and simultaneous deposition of multiple metals, and the magnetic properties of some particles.
II. EXPERIMENTAL PROCEDURES

Lead zirconate titanate (PZT) thin films were prepared
by a sol-gel method on a Pt/SiO2/Si substrate with a Zr/Ti
ratio of 53/47. The film thickness was ∼200 nm, and
characteristic grain size was 50–100 nm. [In sol-gel processing, a lead acetate and zirconium propoxide are dissolved in alcohol to form a precursor sol. Films are deposited by dip coating onto an oxidized silicon wafer
coated with a Pt film followed by annealing.] The typical
microstructure of the films, illustrated in Fig. 1, exhibits
homogeneous distribution of grains with maximum rootmean-square roughness of 5.7 nm over 5 × 5 micro square.
Local polarization orientation on the substrates was
patterned with scanning-probe microscopy and with ebeam lithography17 and piezoresponse force microscopy
(PFM) was used to confirm the domain orientation. Contact-mode atomic force microscopy (AFM) was performed on a commercial instrument (Digital Instruments Dimension 3000 NS-III, Veeco Instruments, Inc.,
© 2005 Materials Research Society
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FIG. 1. Topographic structure of PZT thin films. Vertical scale (dark
to light) is 50 nm.

Woodbury, NY). For PFM the AFM was equipped with
a function generator and lock-in amplifier (DS340, SRS
830, Stanford Research Systems, Sunnyvale, CA) and
high voltage power supply (PS310, Stanford Research
Systems). To protect the electronic system, the electrical
connections between the microscope and the tip were
severed. Gold-coated tips (L ≈ 125 m, resonant frequency ∼350 kHz, Micromasch NSCS12 W2C, Mikromasch, Portland, OR) were used for these measurements.
The domains in the PZT substrates were patterned by
applying ±10 V between an AFM tip and the sample.
Figure 2 illustrates an example of complex patterns of
oriented domains that can be achieved on thin film substrates, demonstrating the potential to make devices requiring sophisticated patterns.
After patterning, samples were submerged in the aqueous metal salt solutions made from AgNO3, HAuCl4,
H2PtCl6.6H2O, RhCl3, PdCl2, NiCl2.H2O, FeCl3, FeCl2,
and CoCl2·6H2O at room temperature. Concentrations
ranged from 10−2 M to 10−6 M and reaction time from 5
to 120 min. A Hg/Xe arc lamp with a 500 W power
supply (66011, 68811, Oriel Instruments, Stratford, CT)
was used to irradiate the samples. Metal nanoparticles on
PZT thin films were characterized by optical microscopy,
electron microscopy (JEOL 6300FV SEM, JEOL USA,
Inc., Peabody, MA) or AFM after exposure. To facilitate
rapid analysis of reaction products for this study, the
pattern feature sizes were on the order of 500 nm to
100 m; however, spatial resolution as a high as 10 nm
can be achieved.
The reaction mechanism is based on electron exchange
at the surface. Figure 3 illustrates the energies associated

FIG. 2. PFM image of a complex domain pattern on a PZT thin film.
The contrast in the image corresponds to the orientation of polarization; light contrast indicates c+ domains and dark contrast indicates
c− domains. The random orientation of ∼100 nm grains outside of the
pattern is also observed.

FIG. 3. Schematic diagram of photo reactions. Electron-holes generated by optical absorption in a wide band gap compound migrate in the
local field near the surface. The band bending is a consequence of
surface charge that results from polarization and is domain specific.
Oxidation reactions occur at c− domains while reduction occurs at c+
domains.

with the process. If described in semiconductor terminology, the valence band edge in PZT consists primarily of
the oxygen 2p orbital, while the conduction band edge is
derived from the Ti 3d orbital. The dipole interactions
responsible for the formation of domains result in a
charge at the termination of a crystal, i.e., at the surface.
This charge will locally alter the energies of the bands as
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required to produce electron-hole pairs. The effect of the
electron-hole pair generation on surface potential is illustrated in Fig. 4 for a BaTiO3 (100) single crystal. The
difference in potential between upward (c+) and downward (c−) oriented domains observed under ambient conditions is a complex combination of polarization and
screening and is on the order of 120–150 MeV.18–20
Upon irradiation, the difference reduces to 10 MeV due
to a combination of desorption and diffusion of carriers
to the surface. This interaction is somewhat complicated
and discussed in detail in Ref. 21. Nevertheless, the time
dependence of the potential difference demonstrates that
the diffusion of electrons and holes in response to electricfield gradients near the surface plays a large role in polarization compensation. These carriers are available to
participate in chemical reactions.
III. RESULTS AND DISCUSSION

Figure 5 indicates how the wavelength dependence of
the electron exchange is related to the band gap of the

FIG. 4. Scanning surface potential images of BaTiO3 showing the
difference in potential between c+ and c− domains (a) before and
(b) during illumination with a UV source. The line scans in the insets
quantify the difference as 120 MeV before irradiation and 10 MeV
during radiation.

illustrated in Fig. 3. In those areas experiencing upward
band bending, electrons cannot be donated by the substrate to form a nanostructure, while in those experiencing downward band bending electron transfer can occur.
However, upward band bending does allow electron exchange to the sample. Since the mobile carrier concentration in PZT is extremely low, optical excitation is
714

FIG. 5. Wavelength and time dependence of particle size and density
for Ag photo reduced from 10−4 M solution, 300 W power UV light.
The wavelength dependence of reaction for (a) 30 min is compared to
the time dependence at (b) 300 nm.
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FIG. 6. Optical micrographs of nanoparticles photoreacted on patterned PZT substrates. Three multiply metal processes are illustrated: (a) Ag and
Au sequentially deposited on c+ domains, (b) Au and Ag simultaneously deposited on c+ domains, (c) Co-based particles deposited on c− domains,
and (d) Co-based particles on c− domains followed by Au on c+ domains, (e) Ni on c+ domains, and (f) Fe on c+. Due to the roughness of PZT
substrate and measurement of the experimenter, there is about a 1–2 nm deviation on average particle size points.

substrate by comparing particle size and density for the
precipitation of Ag from 10−4 M solution at room temperature. Due to the effect of the convolution of the AFM
tip on particle diameter, particles size was estimated from
the height assuming the particles adopt a nearly spherical
shape. Uncertainty in the particle size and density is significant when the particle size approaches the dimension
of the substrate roughness; nevertheless, several important observations can be made. The wavelength dependence can be divided into three regions. Between 360 and
380 nm, no clear patterns were formed and the observed
feature sizes were close to that of original PZT substrate.
Between 320 and 340 nm, larger identifiable particles (8
and 5 nm) and density (24/(m)2 and 16/(m)2) were
obtained with the maxima occurring between 240 and
300 nm. Therefore, the reaction threshold is 4.1 eV (cor-

responding to 300 nm), which is 0.5 eV above the substrate band gap, 3.6 eV. The energy in excess of the
bandgap enables the exchange from the surface to the
ion.
TABLE I. Summary of successful photoreactions.
Reagents

Products

Reduce potential

AgNO3
HAuCl4
H2PtCl6⭈6H2O
RhCl3
PdCl2
NiCl2⭈xH2O
CoCl2⭈xH2O
FeCl2

Ag
Au
Pt
Rh
Pd
Ni
CoO(OH)
Fe

0.799 (acidic)
1.002 (acidic)
1.188 (acidic)
0.76 (acidic)
0.915 (acidic)
−0.72/−0.257 (basic/acidic)
−0.42 (basic)
−0.89/−0.44 (basic/acidic)
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As we compare the reduction potentials of the reactions that have been successful (Table I), there is no
obvious correlation between reaction rates and reduction
potentials. This implies that kinetic considerations dominate over thermodynamics to dictate specific react paths.
For example, the silver ion exists as Ag+(H2O)4 in water
while gold has the form of [AuCl4]−. Both have four
ligands, but the former noncovalent bonding is easier for
an electron to attack than the latter covalent bonding.
This is consistent with the observation that under the
same conditions the silver reduction rate is much faster
than that of gold.
Light intensity at different wavelengths was varied,
and no correlation with particle number or density was
found. This may result because in the range of intensities
used, the reaction is limited by electron transfer to the
ions and by diffusion of ions in the liquid. The time
dependence of particle size and density exhibits monotonic increases of size by a factor of 3 and of density by
a factor of 6 over 60 min. The density reached saturation
at 30 min, while particle size continued increasing. The
concentration dependence was determined over 5 orders
of magnitude. Unsurprisingly, higher concentration
yielded larger particle size and higher density.
To be effective in producing complex nanostructures,
the nano particles must be sufficiently stable to allow
subsequent and/or simultaneous reactions of multiple
compounds. Previous studies showed that Ag could be
deposited and removed, and then Pd could be subsequently deposited on the same domain. In the present
study, multi-element photo deposition was carried out
with two processes, sequential deposition and mixed

deposition. In sequential deposition, the first metal was
deposited on the substrate from a salt solution, and then
the deposition process was repeated with a second metal
solution. Figure 6(a) shows that silver then gold deposition from 10−4 M and 10−3 M solutions respectively, for
30 min resulted in layers of Au nanoparticles on top of
Ag nanoparticles. Under these conditions particles of approximately 80 nm completely covered the positive domains. For simultaneous deposition a solution was prepared with two metal ions, the ratio of which was
adjusted to control the composition of deposition.
Figure 6(b) shows a region on which Ag and Au nano
particles deposited on c+ domains from a solution with a
concentration ratio of 1:5 (Ag /Au ions) and reaction time
of 20 min The resulting structure was a complete coverage of the domain with approximately 50 nm sized particles with a concentration ratio of 3:1 (Ag/Au). The bi
metallic deposition was observed by SEM, and the presence of metals was quantified by EDS. Clearly the deposition rates of the two metals are not equal.
To extend this approach to a broader materials set,
reactions for a wide range of metal-based particles were
developed. Table I summarizes the reaction conditions
that produced particles. In some cases the particles resulted from reduction, in others from oxidation. This can
be inferred from whether the reaction occurred at a c+ or
c− domain. For example the possible reactions for FeCl2
in this environment are
2Fe2+ + 2h+ + 3H2O → Fe2O3 + 6H+

,

(1)

3Fe2+ + 2h+ + 4H2O → Fe3O4 + 8H+

,

(2)

FIG. 7. AFM image of cobalt-based particles. Vertical scale (dark to light) is 50 nm. The insets give morphologies of individual particles.
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Fe2+ + 2e− → Fe

,

(3)

Since the iron based particles deposited over c+ domains, they accepted electrons, i.e., reaction (3). Of
course, in an aqueous environment, then the surface of
the particle at least is expected to oxidize. The final composition of the particle is not now known. Reaction with
a FeCl3 reagent was not successful in producing Fe based
particles. A similar argument can be made for the case of
Ni. In contrast, Co-based particles were the result of
oxidation, occurring over c− domains. Figure 6(c) illustrates cobalt nanoparticles that were produced in a
10−3 M CoCl2 aqueous solution with 2 h of exposure of
white light [included the ultraviolet (UV) range] on a
PZT surface. Topographic analysis in AFM confirmed
250 nm thick deposition over c− domains and the absence of reaction product over c+ domains. In this process Co2+ ions lost electrons, existing on the surface with
a higher valence, probably its oxide with 3+ valence. The
morphology of the cobalt nano particles (Fig. 7) exhibits
a tendency toward hexagonal shape. In spite of the
rounding effect of tip shape convolution, the particles
appear to be faceted and many (most) can be seen to
approach hexagonal. This hexagon structure is consistent
with the reported structure of single crystal of Cobalt (III)
oxide22 [CoO(OH)] that would be expected on growth
near equilibrium conditions.
Since the cobalt and gold nanoparticles undergo opposite electron exchange reactions, it is possible to
sequentially deposit these on the appropriate domains.
Figure 6(d) is a pattern in which gold nanoparticles surround cobalt oxide nanoparticles, which was made with
15 min of white light exposure in a 10−3 M HAuCl4
aqueous solution after 2 h of white light exposure in a
10−3 M CoCl2 aqueous solution on a PZT surface. This is
similar to the observations by Rorher et al. in which PbO
and Ag were deposited on BaTiO3. Nickel and iron based
particles were made with 10−3 M concentration and
24 min irradiation [Figs. 6(e) and 6(f)].
The magnetic properties of the Co-, Fe-, and Ni-based
nanoparticles were examined by magnetic force microscopy (MFM). A cobalt-coated AFM tip was used and
verified on a standard magnetic sample before obtaining
the MFM image on cobalt nanoparticles shown in Fig. 8.
Due to the bluntness of the coated tip, the spatial resolution of topography image was not as high as that obtained with an uncoated tip. Almost every particle in the
topographic image appears to have a magnetic signature,
although the intensity varies somewhat. That the magnetic force image is not a topographic artifact is confirmed by repeatedly comparing an adjacent non magnetic/magnetic reference sample during the experiment.
The fact that the smallest magnetic feature is comparable
to the size of a single nanoparticle suggests that each
nanoparticle contained only one magnetic domain.

FIG. 8. AFM topographic image (a) and corresponding MFM image
(b) on cobalt-based particles. Vertical scales (dark to light) are 50 nm
and 10 Hz.

Similarly magnetic nanoparticles of nickel and iron have
been analyzed both on PZT thin films and single crystal
barium titanate substrates. Magnetic signatures could not
be obtained on theses samples, in which the particles
were >10 nm diameter. The particles were either nonmagnetic compounds, below the super paramagnetic size
limit, or below the signal detection limit of the MFM.
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IV. CONCLUSIONS

These results have demonstrated that nanoparticles
based on reactive metals can be produced by oxidation
and reduction on the surface of ferroelectric substrates
upon irradiation with supra band gap light. The optical
energy required exceeds that of the band gap by 0.5 eV.
Multiple types of nanoparticles can be deposited sequentially and simultaneously. Co-based particles exhibited
magnetic properties, while Fe- and Ni-based particles did
not, perhaps due to the small size.
Broadening the library of metals that can be patterned
expands the ability to tailor contact potential when these
particles are used for molecular electronics. Determining
reaction paths for reactive transition metal based particles allows ferroelectric nanolithography to be considered for patterning catalysts. The compounds used to
catalyze Si based and GaAs based nanowires, carbon
nanotubes, and a variety of oxide-based tubes, and wires
could now be placed in patterns for directed growth. The
broadened base of nanoparticles widens potential to fabricate patterned sensors based on surface enhanced response functions. The demonstration of magnetic particle
placement allows information storage applications to be
considered. Finally, the robustness of the multiple reaction process enables ferroelectric nanolithography to be
applied to more complex structures.
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